Abstract: Exploiting the full potential of the realizable triple cropping system (RTCS) is one of the most effective methods for increasing land productivity, thus promoting food security. However, insufficient attention is paid to the spatial distribution of the RTCS in China. Here, a method is developed to assess the RTCS in China, considering terrain, climatic conditions, crop climatic-ecological suitability, and the spatial changes in the RTCS between 1951 and 2010. Results indicate that a decrease of 19 Mha was caused by topographic correction, while climate change increased the same area by 14 Mha. Based on crop climatic-ecological conditions, the suitability of the RTCS was indicated for 1068 counties. The boundary of the RTCS moved northward by 100-200 km in the Middle-Lower reaches of the Yangtze River, but southward by approximately 250 km in Yunnan Province. The area of the RTCS is 135 Mha distributed across 775 counties in Southern China. These findings are useful for guiding the policy of cultivated land use in Southern China. The approach can be adopted elsewhere to determine the RTCS for sustainable land use and increasing land productivity.
Introduction
While rising population is expected to drive a 70% increase in global demand for agricultural production by 2050, the amount of available cultivated land is not increasing to meet this growing demand [1, 2] . Multiple cropping is receiving increasing attention as a way to meet the growing demand for agricultural products [3] , especially where there is limited space to expand area of the cultivated land [4] . Multiple cropping is the intensification of cropping along temporal and spatial dimensions by growing two or more crops on the same field in one year [5, 6] . The practices and the potential of increasing multiple cropping have been investigated for a number of regions, including China [7] [8] [9] , India [10, 11] , the Philippines [12] , Thailand [13] , the U.S. [14] , Brazil [15] , the European continent [16, 17] , and globally [18, 19] . 
Materials and Methods

Study Area
This study was conducted in Southern China (Figure 1 ), including Anhui, Chongqing, Hubei, Hunan, Hainan, Jiangsu, Jiangxi, Fujian, Guangdong, Guangxi, Guizhou, Yunnan, Shanghai, Sichuan, and Zhejiang provinces and cities. Hong Kong, Macao, and Taiwan were not included because of limited data availability. The area is characterized by a long warm season and abundant precipitation that allows for triple cropping rotations. However, double cropping rotations are the dominant cropping systems instead of triple cropping rotations [53] . Normally, two-season rice and one seasonal crop in the winter (e.g., wheat, rapeseed, and sweet potato) are grown. The landscape is very flat, and land cover is relatively homogenous in the northern part of the study area, where double rotation (e.g., winter wheat-rice, rapeseed-rice) is popularly practiced. In the western and southern parts of the study area, the fraction of the landscape allocated to croplands is generally much less than in the northern part. Land cover types in those areas are more heterogeneous and are influenced by increased complexity of the topography [13] . Early rice-late rice is the most frequent cropping rotation in the fields of those areas. 
Materials and Methods
Study Area
Data Sources
The data categories used in the study include meteorological, crops phenology, terrain elevation, and land use. Historical weather data were obtained from the China Meteorological Data Sharing Service (http://data.cma.cn). The weather data used were daily mean temperature, daily maximum temperature, daily minimum temperature, and daily precipitation. A total of 721 meteorological stations providing data from 1951 to 1980 were used, along with 1970 sites providing data from 1981 to 2010. As cropping rotations often change, this study principally focused on four representative planting rotations for estimating the climatic-ecological suitability of the RTCS in Southern China. These rotations are winter wheat-early rice-late rice (WRR), rapeseed-early rice-late rice (RRR), sweet potato-early rice-late rice (SRR), and winter wheat/spring maize/sweet potato (WMS). The phenology data on the growing period for the aforementioned crops (including 779 sites) were also obtained from the China Meteorological Data Sharing Service, covering 1992 through 2008. Remote sensing data of land use in 2015 and digital elevation model (DEM) datasets in China were provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). Based on the DEM data, longitude, latitude, and altitude were generated using ArcGIS 10.1 software. The raster data of 
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Methods
Definition and Conceptual Framework for Assessing the Spatial Distribution of the RTCS
The RTCS in this study is defined as the management of a cropping pattern to maximize benefits from local natural resources under current social-economic conditions. In fact, the full exploitation of this potential of the RTCS is subject to a number of constraints from biophysical and social-economic factors. Biophysical factors are hard to change as inherent characteristics of farmland ecosystems. However, social-economic factors are easily improved by human beings. Therefore, the assumption is that the full exploitation of the RTCS is mainly constrained by natural resources, especially climatic conditions and terrain, without the limitations of social-economic factors.
According to the above definition, the distribution of the RTCS was evaluated with respect to the following four goals: (1) to qualitatively evaluate the impact of topography on the distribution of the RTCS; (2) to identify the changes in the RTCS based on the annual accumulated temperature above 0 • C (AAT0), the annual accumulated temperature above 10 • C (AAT10), and precipitation under climate change; (3) to explore the climatic-ecological suitable area of the RTCS based on four principal triple cereal cropping rotations; and (4) to verify the distribution of the RTCS by statistical data, and farmland observation data based on Cask Theory (Figure 2 ). cultivated land as the base map was extracted from land use to calculate the cropland area of the RTCS.
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Definition and Conceptual Framework for Assessing the Spatial Distribution of the RTCS
According to the above definition, the distribution of the RTCS was evaluated with respect to the following four goals: (1) to qualitatively evaluate the impact of topography on the distribution of the RTCS; (2) to identify the changes in the RTCS based on the annual accumulated temperature above 0 °C (AAT0), the annual accumulated temperature above 10 °C (AAT10), and precipitation under climate change; (3) to explore the climatic-ecological suitable area of the RTCS based on four principal triple cereal cropping rotations; and (4) to verify the distribution of the RTCS by statistical data, and farmland observation data based on Cask Theory (Figure 2 ). Conceptual framework for assessing the spatial distribution of the realizable triple cropping system (RTCS). DEM, AAT0, and AAT10 are the abbreviations of digital elevation model, the annual accumulated temperature above 0 °C, and the annual accumulated temperature above 10 °C.
Calculation of Annual Accumulated Temperature and Precipitation
The AAT0, AAT10, and annual mean precipitation are used to define the TCS zone in China [41, 54] . The basic criteria of the area in the study is considered to be the RTCS, with AAT0, AAT10, and annual mean precipitation higher than 5900 °C, 4800 °C, and 1000 mm, respectively. AAT0 and AAT10 were calculated as the sum of the average daily temperatures (TDi on day i) above the baseline temperature of 0 °C or 10 °C during the period with TDi steadily above 0 °C or 10 °C [55] . The AAT0 and AAT10 were calculated as [41, 56] : 
The AAT0, AAT10, and annual mean precipitation are used to define the TCS zone in China [41, 54] . The basic criteria of the area in the study is considered to be the RTCS, with AAT0, AAT10, and annual mean precipitation higher than 5900 • C, 4800 • C, and 1000 mm, respectively. AAT0 and AAT10 were calculated as the sum of the average daily temperatures (T Di on day i) above the baseline temperature of 0 • C or 10 • C during the period with T Di steadily above 0 • C or 10 • C [55] . The AAT0 and AAT10 were calculated as [41, 56] : where T Ds and T De are the average daily temperatures on the starting day (Ds) and the ending day (De), respectively, of the continuous period during which the average daily temperatures are greater than 0 • C or 10 • C. The annual precipitation was calculated as [57] :
where P is the annual precipitation, R i is the daily precipitation at each station, i is the number of days from 1 to 365, and n = 365.
To understand the effects of inter-annual variations of climate resources on the RTCS from 1951 to 2010, the guarantee rate of 80% for climate resources was calculated to estimate the climatic stability in the area of the RTCS. The stable area of the RTCS is obtained by simultaneously meeting the 80% guarantee rates of AAT0, AAT10, and annual precipitation; otherwise the area is categorized as an unstable area for the RTCS. The guarantee rates of 80% for AAT0, AAT10, and precipitation were obtained using the empirical frequency method [58] .
Estimating the Impact of Topography on Key Climate Elements
Two datasets were used to identify the influence of terrain on key climatic elements. For the ordinary climate dataset, this study used the Ordinary Kriging method to interpolate AAT0, AAT10, and precipitation without taking longitude, latitude, and altitude into account. For the terrain-based climate dataset, it established a Multivariate Linear Regression (MLR) model with AAT0, AAT10, and precipitation, taking into consideration longitude, latitude, and altitude. Comparing the two datasets, the geospatial changes in the RTCS may be caused by topographic correction.
MLR analysis was done using the Ordinary Least Squares (OLS) procedure with backward elimination of variables [59] . The resulting model was approved after satisfying the following conditions: First, the linearity between the climatic factor and the remaining predictor variables had to be verified. Then, the independence, normality and homoscedasticity of the residuals also had to be confirmed as well as the non-collinearity between the predictor variables. The independence of the residuals was verified through the Durbin-Watson test that analyzed the randomness of the residues. From the results of MLR by SPSS software (Table 1) , it showed that the multiple regression analysis between climatic factors and topographical variables meets all the criteria of verification. Considering that AAT0, AAT10, and annual precipitation are correlated with longitude, latitude and altitude, the MLR model in this study was calculated as follows [60, 61] :
where Y yc is the prediction results from AAT0, AAT10, and precipitation; J, W, and H are the longitude, latitude, and altitude of each meteorological station, respectively; b 0 is a constant; and b 1 , b 2 , and b 3 are the partial correlation coefficients. The observed result (actual result) is the sum of the prediction result and its residual result [60, 61] :
where Y, Y yc , and y are the observed result, the prediction result, and the residual result of AAT0, AAT10, and precipitation, respectively. The prediction results from the regression equation and the correlation coefficients of AAT0, AAT10, and precipitation were first obtained for the periods of 1950-80 and 1981-2010. Then, the spatial interpolations of AAT0, AAT10 and precipitation for the periods of 1951-80 and 1981-2010 were obtained based on the regression equations and the ArcGIS Spatial Analyst extension.
Crop Climatic-Ecological Suitability Assessment Model
This study adopted the Minimum Limiting Factor Method (namely, Liebig's Law of the Minimum) to assess crop climatic-ecological suitability; i.e., if one factor is unsuitable, then the overall assessment result is unsuitable. After that, four cropping rotations in the RTCS were obtained according to the assessment results of climatic-ecological suitability of each crop. For example, the climatic-ecological suitability of WRR is given when winter wheat, early rice, and late rice are suitable to successfully plant in succession in given regions. Therefore, the assessment result of climatic-ecological suitability is determined by the factor with the lowest suitability level [62] . This can be calculated by the following equation:
where X is the evaluation result of the crop climatic-ecological suitability; x 1 , x 2 , and x n are the suitability levels of the different evaluation factors, and n is the number of evaluation factors. As shown in Table 2 , seven indicators were considered when assessing crop climatic-ecological suitability, including thermal conditions (AAT0, AAT10, average temperature, and thermal thresholds of seed germination) and water conditions (annual precipitation) [63, 64] . Among these, AAT0, AAT10, and annual precipitation were calculated by Equations (1)- (3) . Average temperature during the growth duration is equal to the average value of daily temperature from sowing to harvesting. The threshold of PT means that daily temperatures need to be in the range of PT during the seed germination, while the thresholds of MinT and MaxT mean that the daily minimum temperature and the daily maximum temperature need to be in the range of MinT and MaxT during the seed germination of each crop. 
Verification Method of the RTCS Based on Cask Theory
As mentioned above, while the information concerning the actual TCS is used to verify the rationality of the RTCS from statistical data, field surveys, and remote sensing technology, this is difficult to implement due to the large variation in the spatio-temporal ranges of actual TCS, especially on a large scale. According to Cask Theory, if one triple cropping rotation is practiced in a region where the RTCS has the poorest climate conditions, then it will be adopted in other regions with better weather conditions. In this study, the lowest AAT0, the lowest AAT10, and the lowest annual precipitation in the new region of the RTCS are identified as verification points.
Results
The Influence of Topography on the RTCS
From the results of the MLR model for the period between 1951 and 2010 (Table 3) , AAT0, AAT10, and precipitation were significantly correlated with longitude, latitude, and altitude. Specifically, AAT0 and AAT10 were negatively correlated with longitude, latitude, and altitude, while annual precipitation was positively correlated with longitude but negatively correlated with latitude and altitude. The RTCS had undergone significant changes caused by topographic correction over the 1981-2010 period (Figure 3) . Without considering topographic effects on climatic data, the area of RTCS was 154 Mha, in which the cropland was 43.5 Mha, accounting for 28%. When taking into account topographic effects on climatic data, the area of the RTCS decreased to 135 Mha, with cropland accounting for 40.9 Mha. Comparing these two results, topographic correction reduced the area of RTCS by 19 Mha, mainly from mountainous areas such as Sichuan, Chongqing, Hunan, and Hubei. 
Response of the RTCS to Climate Change
The spatial distribution of the RTCS was unstable under the impact of inter-annual fluctuation of climatic resources. According to the results of the guarantee rate of 80% for climate resources, the stable area of the RTCS was 94 Mha, including 24.3 Mha of cropland, presenting a good match between climate and cropland. However, the unstable area of the RTCS increased from 27 Mha (Figure 4a 
The spatial distribution of the RTCS was unstable under the impact of inter-annual fluctuation of climatic resources. According to the results of the guarantee rate of 80% for climate resources, the stable area of the RTCS was 94 Mha, including 24.3 Mha of cropland, presenting a good match between climate and cropland. However, the unstable area of the RTCS increased from 27 Mha (Figure 4a Comparing the spatial distributions of the RTCS in these two periods, the area of RTCS was 135 Mha, with an increase of 14 Mha due to climate change. The changes were mainly located in the Middle-Lower Yangtze plain, southern Yangtze hill region, Sichuan Basin, and Yunnan-Guizhou Plateau. During the 1951-80 period, the cropland in the RTCS was 34.3 Mha distributed in 725 counties of 14 provinces and cities, namely, Anhui, Chongqing, Fujian, Guangdong, Guangxi, Guizhou, Hainan, Hubei, Hunan, Jiangxi, Yunnan, Sichuan, Shanghai, and Zhejiang. The area then increased to 36.9 Mha, including 817 counties of 15 provinces and cities, with the above 14 Comparing the spatial distributions of the RTCS in these two periods, the area of RTCS was 135 Mha, with an increase of 14 Mha due to climate change. The changes were mainly located in (Figure 5b ). During the past 60 years, there have been 676 counties located in the stable area with abundant water and sufficient average temperature. Between 1981 and 2010, 141 counties were added to the RTCS, and these were mainly located in the Middle-Lower reaches of the Yangtze River. Water and heat resources in this new area of the RTCS presented an increasing trend. For example, ATT0, ATT10, and annual precipitation increased by 5.09%, 7.48%, and 8.79%, respectively. However, 49 counties did not fall into the RTCS category because of decreasing of average temperature and yearly rainfall. The new or missing counties of the RTCS were located in the unstable area of the RTCS. It is noteworthy that there was a small area of RTCS located in Sichuan and Chongqing.
Distribution of the RTCS Based on Crop Climatic-Ecological Suitability
The climatic-ecological suitability maps of WRR, RRR, SRR, and WMS were obtained for the period 1981 to 2010 ( Figure 6 ). Generally, WRR was a typical three-season crop planting system in paddy fields and had the largest productivity in China. This cropping system was cultivated in 728 counties of 14 provinces and cities (Figure 6a ). In this region, AAT0, AAT10, and precipitation were higher than 5700 • C, 5300 • C, and 1000 mm, respectively. Climatic conditions completely met crop requirements for resources throughout the growing period with sufficient amounts of heat and rainfall. The area of cropland suitable for planting WRR was 35.1 Mha, accounting for 20% of the national cropland in 2015. However, the edible quality of winter wheat was not better than that from northern China, so the gap between the realizable and the actual winter wheat planting area has been growing since the 1980s.
As shown in Figure 6b , 907 counties in Hunan, Jiangxi, and other provinces were suited for RRR cultivation. The realizable cropland area of RRR was 43.8 Mha, accounting for 25% of the national cropland. There was also enough heat and rainfall to supply the demands of crops during the growing period, with the AAT0 and AAT10 higher than 5600 • C and 5100 • C, respectively. In addition, rapeseed, as an edible oil crop with shorter growth period, was often grown in winter fallow fields, not only to maximize natural resources but also to increase land use efficiency.
The suitable area for SRR was relatively small and was mainly located in the tropics of China, comprising 159 counties in Guangdong, Guangxi, Hainan, Yunnan, and Fujian Provinces (Figure 6c ). The area of cropland suitable for SRR cropping rotation was only 5.9 Mha, accounting for 3.3% of the national cropland. As the daily temperature was always above 10 • C, early rice, late rice, and sweet potato were very suitable for planting. The AAT0 and AAT10 needed to pass 7900 • C and 7000 • C, respectively, to ensure that the thermal demand of the above three warm crops was met.
The WMS system was the main three-season crop cultivation system in dry and hilly areas, with suitable areas located in 805 counties in 11 provinces and cities (Figure 6d ). The area of cropland for WMS cultivation was 43.5 Mha, accounting for 24.4% of the national cropland. Compared with rice, the water demand of the crops in WMS was relatively smaller, and thus these crops were planted in dry areas without good irrigation and were mainly reliant on rainfall.
The WMS system was the main three-season crop cultivation system in dry and hilly areas, with suitable areas located in 805 counties in 11 provinces and cities (Figure 6d ). The area of cropland for WMS cultivation was 43.5 Mha, accounting for 24.4% of the national cropland. Compared with rice, the water demand of the crops in WMS was relatively smaller, and thus these crops were planted in dry areas without good irrigation and were mainly reliant on rainfall. Based on these estimates, the climatic-ecological suitability area of the RTCS in China was obtained for the above four cropping rotations for 1068 counties in the Middle-Lower Yangtze River plain, the southern Yangtze hill region, the Pearl River Delta, Sichuan Basin, and Yunnan-Guizhou Plateau (Figure 7) . The climatic-ecological cropland in the area of RTCS was 53.9 Mha, accounting for 30.3% of the national cropland. WRR, RRR, SRR, and WMS were suitable for planting in these counties that benefit from an abundance of natural resources and thus were able to meet the demands of crops during growing periods. Based on these estimates, the climatic-ecological suitability area of the RTCS in China was obtained for the above four cropping rotations for 1068 counties in the Middle-Lower Yangtze River plain, the southern Yangtze hill region, the Pearl River Delta, Sichuan Basin, and Yunnan-Guizhou Plateau (Figure 7) . The climatic-ecological cropland in the area of RTCS was 53.9 Mha, accounting for 30.3% of the national cropland. WRR, RRR, SRR, and WMS were suitable for planting in these counties that benefit from an abundance of natural resources and thus were able to meet the demands of crops during growing periods. 
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Verification of the Distribution of RTCS in China
The distribution of the RTCS in China was obtained by synthesizing different distributions of topographic correction, climate conditions, and crop climatic-ecological suitability. The spatial area 
The distribution of the RTCS in China was obtained by synthesizing different distributions of topographic correction, climate conditions, and crop climatic-ecological suitability. The spatial area of the RTCS in China was 135 Mha, with 35.4 Mha of cropland mainly located in 775 counties of the Middle-Lower Yangtze River plain, the southern Yangtze hill region, the Pearl River Delta, Sichuan Basin, and Yunnan-Guizhou Plateau (Figure 8 ). As the verification results show (Table 4) , Yixiu District is located in Anqing City, Anhui Province. AAT0, AAT10, and annual precipitation are 5902 °C, 5468 °C, and 1417 mm, respectively. Due to the lack of observational information concerning the growth period, this paper referred to the phenology data of crops nearby meteorological observation stations. It is known that the growth period of rapeseed was from the last ten days of October to the first ten days of May; early rice was subsequently transplanted in paddy fields, for which the growth duration was from the first ten days of May to the middle ten days of July. Next, late rice was planted from the last ten days of July to the middle ten days of October. Meanwhile, because of limited observational information for WRR, this paper also referred to the complete observation records of WRR from Yingshan County, where climatic conditions are similar to those of Yixiu District. The growth of winter wheat was usually from the middle ten days of November to the middle ten days of May, followed by early rice from the middle ten days of May to the middle ten days of July; finally, the growing season of late rice was from the last ten days of July to the last ten days of October. Therefore, it is believed As the verification results show (Table 4) , Yixiu District is located in Anqing City, Anhui Province. AAT0, AAT10, and annual precipitation are 5902 • C, 5468 • C, and 1417 mm, respectively. Due to the lack of observational information concerning the growth period, this paper referred to the phenology data of crops nearby meteorological observation stations. It is known that the growth period of rapeseed was from the last ten days of October to the first ten days of May; early rice was subsequently transplanted in paddy fields, for which the growth duration was from the first ten days of May to the middle ten days of July. Next, late rice was planted from the last ten days of July to the middle ten days of October. Meanwhile, because of limited observational information for WRR, this paper also referred to the complete observation records of WRR from Yingshan County, where climatic conditions are similar to those of Yixiu District. The growth of winter wheat was usually from the middle ten days of November to the middle ten days of May, followed by early rice from the middle ten days of May to the middle ten days of July; finally, the growing season of late rice was from the last ten days of July to the last ten days of October. Therefore, it is believed that RRR and WRR are suitable for planting. Further, the actual sown areas of winter wheat, rapeseed, early rice, and late rice in the other eight counties of Anqing City in 1990 were 51,600 ha, 68,447 ha, 134,700 ha, and 142,080 ha, respectively. This also verified that RRR and WRR cultivation existed in this area. Similarly, Qiubei County and Junlian County were both suitable for planting WMS. Therefore, the results indicated that 775 counties of the RTCS in China are not only suitable for planting three-season crops, but also are feasible for planting in agricultural production practices. 12 The growth duration of crops in Qiubei County was obtained by reference to nearby meteorological observation station (No. 59007). 13 The growth duration of crops in Junlian County was obtained by reference to nearby meteorological observation stations (No. 56492 and No. 56493). 14 Due to lack of the actual sown area in Yixiu District, the sown areas of other counties in the same city are used as a substitute. The sown areas of winter wheat, rapeseed, early rice, and late rice in other eight counties in 1990 were 51,600 ha, 68,447 ha, 134,700 ha, and 142,080 ha.
Discussion
Influences of Climate Change and Terrain on Changes between Potential TCS and RTCS
Climate change has moved the boundary of the RTCS northward by 100-200 km in the Middle-Lower reaches of the Yangtze River and the boundary has diminished southward by approximately 250 km in Yunnan Province. These findings are consistent with the result of Yang et al. [32] , who found that the largest spatial displacement of the northern boundary of the three-cropping system was located in Hunan, Hubei, Anhui, Jiangsu and Zhejiang provinces in the Middle-Lower reaches of the Yangtze River between 1981 and 2007. Climate change resulted in an increase of 14 Mha of new RTCS. Compared with two studies [38, 46] on the potential TCS in China, the area of RTCS decreased by 16% and 35%, respectively. This difference in results emanates from the fact that previous studies mainly focused on the effect of heat conditions, such as AAT0 or AAT10, while this study focused on the complex influences of terrain, climatic resources, and crop climatic-ecological suitability. It is worth noting that the above analysis of changes to the RTCS was carried out on the basis of climatic conditions. However, the possible adverse effects of extreme weather may be underestimated [65] [66] [67] . Furthermore, some extreme weather conditions, e.g., heat stress, floods, and severe drought, have recently increased in frequency in Southern China [68] , consequently affecting rice yield [69] and food security [70] [71] [72] . For example, during the rice growing seasons from 1981 to 2007 in the Middle-Lower reaches of the Yangtze River, the sum of average daily temperature (≥10 • C) increased by 12.4 • C, sunshine time was reduced by an average of 8.1%, and total precipitation increased by 1.6%, compared with that of the 1960s-1970s [73] . Therefore, more attention should be paid to the potential risks to grain productivity in agronomic practices of the RTCS caused by the fluctuation of climate resources.
Apart from climate change, terrain plays an important role in defining the distribution of RTCS in China. The relationship between terrain and climate resources is complex and highly variable in space [50] . This relationship affects the redistribution of climate resources and suitable planting areas of crops. Generally, the temperature decreases by approximately 0.6 • C with each 100-m increase in altitude [74] . AAT0 and AAT10 in this study were negatively correlated with elevation with average decreases of 126.6 • C and 134.6 • C with each 100-m increase of elevation during the period of 1980-2010. Precipitation generally increases with elevation, owing to forced uplift and cooling of moisture-bearing winds by terrain barriers [75] . However, this study found that precipitation was negatively correlated with elevation, which means that precipitation decreases with the increase of elevation in Southern China. Therefore, with an increase of altitude in hilly and mountainous areas, the cropping system would change from triple cropping to double cropping due to the limitation of heat resources (i.e., AAT0, and AAT10). For example, plants in the warmer areas reached maturity faster than those at the higher, cooler elevations [76] . Cao et al. [77] propose that latitude and altitude directly affect the temperature change of the wheat growing season and thus indirectly affect the growing period of wheat. In autumn and spring sowing experiments, the amount of wheat from sowing to maturity was significantly positively correlated with latitude and altitude. With the increase in altitude, the maturity period was delayed under the same sowing date. The results show that the area of the RTCS decreased by 19 Mha between 1981 and 2010 under the influence of topographic correction. Therefore, when evaluating the spatial distribution of a cropping system at a large scale, the influence of complex terrain on the redistribution of climatic resources should be considered.
Understanding the Gap between Actual TCS and RTCS Caused by Socio-Economic Factors
About 35.4 Mha of the RTCS are croplands with exceptional natural resources. Furthermore, the RTCS areas are the most important crop production areas for enhancing cereal productivity, as they promote efficient use of natural resources (i.e., light, heat, and rainfall) [78] . If all RTCS croplands were planted with triple-season crops, the sown area would be 106.2 Mha, accounting for 94% of the national grain sown area in 2015. This means that the RTCS has a great potential to feed the total population, even though it comprises only 20% of the national arable land in China. This result highlights the available opportunities for improving actual cropping systems in the RTCS areas of Southern China. A previous study found that there was a 22% gap between multiple cropping index (MCI) and potential multiple cropping index (PMCI) in China in 2005 [9] .
It is difficult to close the gap between the RTCS and actual TCS when farmer preferences, policies, and economic variables counteract each other [79, 80] . Some researchers have explored the reasons from the macroscopic scale, and they have focused on the conflict between grain production and economic development, arguing that the development of secondary and tertiary industries, agricultural mechanization, and urbanization cause loss of farmers and arable land occupation [18, [81] [82] [83] . This study has identified the driving factors that caused the gap at the cropping systems levels. First, high cost and low income prevent the gap from being reduced. Based on costs and benefits of agricultural products in China in 2014, it is estimated that the net profit of WRR and RRR in 2014 were $842 USD/ha and $215 USD /ha, respectively. Second, the number of farm workers employed in the RTCS is higher than that in double cropping systems. For example, the number of days that a farmer worked in the fields under WRR and RRR was 256.35 days/ha and 293.1 days/ha, respectively [84] . Therefore, low agricultural economic benefits and large labor input in the TCS caused a large number of farm workers to shift to non-agricultural industries. The result of this trend is that the sown area of crops and cropping intensities gradually declined [85] . Third, the application of agricultural mechanization helps to reduce the number of farm workers [86] , but a certain number of laborers are still needed for crop management, especially in the area of terrain that are unsuitable for mechanization. For example, operating heavy machines on wet soil that has low bearing strength is problematic [87] . Much arable land is in mountainous and hilly regions instead of on plains where it is encroached upon by construction that supports economic development [88] .
From the above analysis, it is apparent that reducing the gap between the RTCS and the actual sown area faces great challenges. However, wherever natural conditions allow, it is necessary to adopt high intensity cultivation to secure an efficient food supply in China [89, 90] . Therefore, the RTCS in Southern China should be the first choice to ensure food security by increasing the efficient use of water, soil, light energy, and other natural resources [47] while reducing the use of inputs and limiting the adverse effects on the environment [26] . In reality, it has not been possible to always fully realize triple cropping rotations in this area due to the above social-economic constraints. However, this study provides some insights for developing a grain production policy. The RTCS will be an important factor in the potential of reserved cultivated land, and it could balance the tradeoffs among resources use, social demands and economic development in Southern China.
Conclusions
Exploring RTCS using factors such as terrain, climate resources, and crop climatic-ecological suitability provides reliable results for evaluating cropping systems. In this study, a spatial distribution map of the RTCS in China was obtained based on topographic correction, climatic resources, and crop climatic-ecological suitability. Terrain influenced the spatial distribution of the RTCS, and resulted in the area of RTCS decreasing by 19 Mha. In addition, the new area of the RTCS was increased by 14 Our study delineates the distribution of the RTCS in China, and thus will be helpful in agricultural management and policy decisions on the implementation of agricultural activities. This study suggests that the RTCS should be promoted as an intensive land use and be practiced by many countries globally. It is a most effective way to enhance food security without expansion of cropland area. Further studies should explore the contribution of grain production in the RTSC area for national food security. The effects on the ecology from adjusting the cultivated land use between Southern China and northern China also need further in-depth study.
